Bile salt synthesis is a specialized liver function in vertebrates. Bile salts play diverse roles in digestion and signaling, and their homeostasis is maintained by controlling input (biosynthesis) and intestinal conservation. Patients with biliary atresia (i.e., obliteration of the biliary tree) suffer liver fibrosis and cirrhosis. In contrast, sea lamprey thrives despite developmental biliary atresia. We discovered that the sea lamprey adapts to biliary atresia through a unique mechanism of de novo synthesis and secretion of bile salts in intestine after developmental biliary atresia, in addition to known mechanisms, such as the reduction of bile salt synthesis in liver. During and after developmental biliary atresia, expression of cyp7a1 in intestine increased by more than 100-fold (P < 0.001), whereas in liver it decreased by the same magnitude (P < 0.001). Concurrently, bile salt pools changed in similar patterns and magnitudes in these two organs and the composition shifted from C24 bile alcohol sulfates to taurine-conjugated C24 bile acids. In addition, both in vivo and ex vivo experiments showed that aductular sea lamprey secreted taurocholic acid into its intestinal lumen. Our results indicate that the sea lamprey, a jawless vertebrate, may be in an evolutionarily transitional state where bile salt synthesis occurs in both liver and intestine. Understanding the molecular basis of these mechanisms may shed light on the evolution of bile salt synthesis and possible therapy for infant biliary atresia.
metamorphosis | Petromyzon marinus | taurine conjugation | intestine sac | cholestasis B ile salt synthesis is a unique and vital function of the liver for all vertebrates. Bile salts are excreted into the intestinal lumen, where they solubilize fatty acids in mixed micelles and thus facilitate the absorption of lipid-soluble vitamins (1) . Recently, bile salts have been implicated in a wide array of signaling functions, from their own homeostasis to glucose metabolism and cardiovascular functions (2, 3) , by interacting with nuclear and G protein-coupled receptors that regulate gene expressions (4) (5) (6) (7) (8) (9) (10) . However, bile salts also have several pathologic effects, such as carcinogenicity and cellular toxicity (11) . Through enterohepatic metabolism and circulation, vertebrates maintain bile salt homeostasis essential for physiological functions and detoxification (12) (13) (14) .
Disruption of bile secretion into the intestine results in liver dysfunctions. Obstruction of bile ducts often causes cholestasis or disturbance of bile formation. Without clinical intervention, cholestasis results in liver toxicity, cirrhosis, and eventually liver failure. In infant biliary atresia, a rare disease in newborns, patients often die within the first few years without treatment (15) . A striking contrast is found in lampreys, a group of extant jawless vertebrates that go through developmental biliary atresia during metamorphosis (16) . The sea lamprey (Petromyzon marinus), the largest and most widely distributed lamprey species, loses the entire biliary tree when their larvae metamorphose into parasitic juveniles (17) . The aductular juveniles feed ferociously and grow exponentially (up to 500-fold increase in body mass within 2 y) into fecund adults (Fig. 1) without complications or liver failure that afflict patients with biliary atresia or other forms of cholestasis.
We reasoned that unique hepatic or extrahepatic mechanisms (or both) have evolved in sea lamprey to promote physiological functions yet minimize cytotoxic effects of bile salts in an aductular life. In particular, we hypothesized that sea lamprey bile salts are mainly synthesized in different digestive organ at different life stage. Here we present evidence for de novo synthesis and secretion of bile salts in sea lamprey intestine.
Results and Discussion
Bile Salt Production During Sea Lamprey Developmental Biliary Atresia.
Sea lamprey and human infant biliary atresia share similarities in cellular and histological morphology (18) . The main event during biliary atresia is the apoptotic obliteration of bile ducts in both human (19) and sea lamprey (20) . However, the cholestatic features commonly found in human liver with biliary atresia have not been documented in sea lamprey. We examined possible signs of cholestasis in sea lamprey liver during metamorphosis, which is divided into seven metamorphic stages, namely M1-M7 (21) . We noticed that liver color altered from orange to green at stages M3 to M6, returned to orange when sea lamprey became trophic and parasitic, and changed again to green when adults reach final maturation ( Figs. 1 and 2 ). Green liver is often caused by the accumulation of the bile pigment biliverdin, and is indicative of cholestasis in human biliary atresia and other cholestatic diseases (22) . Therefore, sea lamprey seems to experience transient cholestasis during biliary atresia, but recover from this pathologic condition at the end of metamorphosis.
We further hypothesized that bile salt production in liver was reduced during and after developmental biliary atresia in sea lamprey. To test this hypothesis, we examined the bile salt profile and mRNA expressions of cyp7a1 and cyp27a1, which encode the initial enzymes in the classic and alternate pathways, respectively (23, 24) . The Cyp27a1 expression was not changed in Cyp7a1 knockout mice (25) . We found that hepatic cyp7a1 mRNA and bile salt concentrations decreased dramatically during early developmental biliary atresia (Fig. 3) . As metamorphosis progressed, the gallbladder shrank at M2 (Fig. 2) and liver cyp7a1 mRNA level decreased by fivefold compared with M0 (P = 0.01) (Fig. 3A) . By M4, the gallbladder and most bile ducts disappeared ( Fig. 2 and Fig. S1 ), and liver cyp7a1 expression reached the lowest level, about 100-fold less than M0 (P < 0.001) (Fig. 3A) . Cyp27a1 expression, although not as dramatic, showed similar patterns with a decrease of about 10-fold from M0 to newly transformed (T) in liver (P < 0.001) (see Fig. S3A ). Cyp7a1 expression levels in kidneys remained the same across all stages (P > 0.05) (Fig. 3A) . These results implied that both bile salt synthetic pathways were suppressed in liver during developmental biliary atresia.
Liver bile salt concentrations decreased in similar patterns as cyp7a1 and cyp27a1 expressions during metamorphosis (Fig. 3) . Sea lamprey is known to synthesize unique 5α-bile acids and 5α-bile alcohols: allocholic acid (ACA) (26) and its derivative 3-dehydro-ACA (3k-ACA) (27) , petromyzonol sulfate (PZS) (28) and its derivative 3-dehydro-PZS (3k-PZS) (29) , petromyzonsterol disulfate (PSDS), and petromyzonamine disulfate (PADS) (30) . We analyzed their concentrations throughout life stages. C24 bile alcohols, PZS and 3k-PZS, have been found in nature only in lamprey species. Notably, 3k-PZS was one of the major bile salts in larval liver, and its concentration in liver decreased by more than 10,000-fold from M0 to T and remained low throughout the parasitic stage (Fig. 3B) . To our surprise, taurocholic acid (TCA), taurochenodeoxycholic acid (TCDCA), and taurodeoxycholic acid (TDCA) were detected in larval and metamorphic livers (Fig. 3 C and D) . TDCA had not been identified in fish or lamprey. Here its identification was based on the retention time of liquid chromatography and fragmentation patterns of tandem mass spectrometry (Fig. S2 ). TCDCA . Two-way ANOVA showed that both stage and tissue type had effects in A, B, and D (P < 0.001), and an interaction between stage and tissue-type in A (P < 0.001), B (P < 0.001), C (P = 0.017), and D (P < 0.001); Stage, but not tissue type, had effects in C (P < 0.001). Within each panel, bars with same lowercase labels indicate P > 0.05.
concentrations did not vary among tissues and stages. These data demonstrate that hepatic production and concentrations of bile salts were minimized during developmental biliary atresia.
Cyp7a1 down-regulation in sea lamprey biliary atresia is strikingly similar to the phenomenon in human with biliary atresia or other cholestatic diseases. In particular, cyp7a1 transcripts decreased by more than 99% in sea lamprey (Fig. 3A) , similar to the decrease seen in human biliary atresia (31, 32) . However, cyp7a1 down-regulation does not prevent cholestatic injuries to the liver in many mammalian models and human biliary atresia.
De Novo Synthesis of Bile Salts in Sea Lamprey Intestine. After developmental biliary atresia, sea lamprey no longer maintains direct bile flow from the liver to intestine. Secretion into the systemic circulation is the only alternative route to transport hepatic bile salts. Although bile salts are often sulfated before urinary excretion in mammals with biliary atresia and other forms of cholestasis (33) , renal excretion of bile salts in parasitic sea lamprey is highly unlikely because it must minimize or stop urine production to retain water in the hyperosmotic ocean. We found that bile salt production in liver remained minimal during parasitic stage (Figs. 1 and 3 A and B) , prompting the question whether extrahepatic bile salt synthetic mechanisms exist in parasitic sea lamprey.
We focused our search on the intestine, where bile salts exert their digestive function. We determined bile salt profiles and cyp7a1 and cyp27a1 mRNA levels in the intestines of larvae before, during, and after biliary atresia, and of feeding parasites. Interestingly, the intestine of parasites showed increase in taurine-conjugated bile salts ( Fig. 3 C and D) . Intestinal cyp7a1 expression increased more than 100-fold from pre-(M0, M2, and M4) to postdevelopmental biliary atresia stages [T, small parasite (SP), and large parasite (LP)] (Fig. 3A) . The increase in cyp7a1 expression also correlated with the increase in TCA and TDCA in the intestine of parasites (Fig. 3 A, C, and D) . In contrast, cyp27a1 mRNA levels among M0, T, and SP were not different (P > 0.05), and increased by two-to fivefold from M2 and M4 to T (Fig. S3A ). In addition, bile salt synthetic intermediates (7α-hydroxycholesterol, 7α-hydroxy-4-cholesten-3-one, 7α-hydroxy-5β-cholestan-3-one, 5β-cholestane-3α, 7α, 12α, 27α-tetrol, and 3α, 7α, 12α-trihydroxy-5β-cholestanoic acid) were also detected in the intestine of parasites (Table S1 ). Furthermore, the slower enterocyte turnover rate (9-14 d) in parasitic sea lamprey (34) compared with that of mammals (2-3 d) may favor bile salt synthesis in intestine. These data indicate that bile salt de novo synthesis occurs in the intestine of parasitic sea lamprey.
We also examined whether the increase in intestinal bile salt pool is corroborated with de novo synthesis of cholesterol in intestine. We measured mRNA concentrations of HMG-CoA reductase, the rate-limiting enzyme in cholesterol biosynthetic pathway. Although the decrease in HMG-CoA reductase mRNA concentrations corresponded to the decrease in cyp7a1 and cyp27a1 mRNA concentrations from M0 to SP and LP in liver (Fig. 3A and Fig. S3 A and B) , no difference was found in intestine from M0 to LP (P > 0.05) (Fig. S3B) . The cholesterol precursor for bile salt synthesis in intestine may be from either the de novo synthesis in tissues or diet, or both. Notably, in the nontrophic adults, their hepatic or intestinal (or both) HMGCoA reductase mRNA levels increased dramatically (P < 0.05) (Fig. S3B ). This increase in spermiating males may facilitate the synthesis of a bile acid pheromone with secretion rate about 0.5 mg/h (35) . Interestingly, lipolysis and fatty acid synthesis in liver and intestine vary significantly among life stages (36) . Further examination of cholesterol homeostasis may elucidate the adaptive value of bile salt de novo synthesis in lamprey intestine.
Bile salt de novo synthesis had been recognized as a crucial function limited to the liver, a specialized digestive organ in vertebrates although some hepato-pancreas-like functions have been found in invertebrates, such as crabs (37) 39) , where intestine is the most developed digestive organ, bile salt-like compounds have been discovered. C. intestinalis does not have a liver but contains a cyp7a1 ortholog (E-values of 1E-64 and 2E-64 compared with mice and human sequences, respectively, in a tBLASTn search; Basic Local Alignment Search Tool, National Center for Biotechnology Information). The notion that evolution of bile salt synthesis may have preceded that of liver is similar to the example where evolution of insulin is believed to have preceded that of the pancreas (40) (41) (42) . The de novo bile salt synthesis in sea lamprey intestine suggests that bile salt synthesis is a function less specialized in jawless vertebrates compared with jawed vertebrates. Sea lamprey is one of the most basal vertebrates to contain both intestine and liver, both of which support bile salt synthesis. It seems that the site of bile salt synthesis has shifted from the digestive tract to liver as the digestive system became more complex during animal evolution.
Another surprising, but likely adaptive, change in lamprey bile salt synthesis after metamorphosis is the shift in bile salt conjugation. Larval and adult lamprey are known to produce bile alcohol sulfates (26, 28, 43) . Sulfation renders bile alcohols soluble, and enables their secretion. Sulfation of taurine-conjugated bile acids is considered an adaptive detoxification mechanism (44) . In larval and adult lamprey, bile alcohol sulfates are released into water in large quantities as putative pheromones (29, 30) and sulfation facilitates this process (29) . In contrast to the dominance of bile alcohol sulfates in larvae and mature adults, taurine-conjugated bile salts were prominent in parasites ( Fig. 3 C and D, and Fig. S4 ). These taurine-conjugated bile salts may facilitate lipid digestion in the absence of a biliary tree. Alternatively, synthesis of these bile salts may simply serve to eliminate cholesterol. The dramatic changes in the location and the type of bile salt synthesis throughout sea lamprey life history represent a striking example for the adaptation of bile salts to specific functions in particular life stages.
Intestinal Secretion of Taurine-Conjugated Bile Salts. Because TCA was the most abundant bile salt (Fig. 3C ) and cyp7a1 mRNA level was high (Fig. 3A) in the intestine of parasites, we predicted that TCA was secreted through the intestine. To test this hypothesis, we designed both in vivo and ex vivo transport assays to measure [H 3 ]TCA transport in the intestine. In vivo tissue distribution of radioactivity after intravenous injection of [H 3 ]TCA showed that intestinal lumen content had 10-times higher tritium concentrations than the plasma in parasites (P < 0.001) after a 12-h incubation (Fig. 4A) . Total tritium activity in intestine was at least two-times higher than in plasma (Fig. 4B) . Most tritium activity was trapped in the mixture of muscle and fat because of their mass. A minimal amount of tritium was found in kidneys and ureter washings, indicating that kidneys were neither the major storage nor excretion organ for TCA in parasitic lamprey. Whether this is the case in adults when they stop feeding and start their spawning migration remains to be determined.
To further elucidate the dynamics of TCA secretion by intestine, we examined TCA transport by ex vivo intestinal sacs over a 24-h time course (Fig. 5) . The intestinal tissue did not degenerate after 24-h incubation (Fig. S5 ) and the tritium counts from lumen solution were contributed by [H 3 ]TCA (Fig. 5B ). Intestinal transport of [H 3 ]TCA was much higher in secretion than in absorption (P = 0.0001) (Fig. 6 ), indicating that TCA transport is a directional and active process. A three-way ANOVA showed no interaction among intestinal section, intestinal orientation, and the sex of animals. The sac orientation is the only factor that affected the transport activity (P = 0.0002, power = 0.988). Taken together, our data implicate an active transport mechanism in the intestine that secretes taurine-conjugated bile salts into the lumen in parasitic sea lamprey. This mechanism is distinct from the enterohepatic circulation where bile salts are reabsorbed from the intestinal lumen to circulation in mammals.
In patients with biliary atresia, bile pigments are not delivered to the intestine, resulting in pale or white stool and green liver. In contrast, intestinal secretion of bile pigments may exist in metamorphic and parasitic sea lamprey where bile salt synthesis occurred. Lamprey intestinal color altered from pink to green during metamorphosis (M2-M6 in Fig. 2 ). Biliverdin, a bile pigment (from hemoglobin) responsible for this color change, was highly concentrated in intestine at M6, the last stage of metamorphosis. The concentration of biliverdin in intestine at M6 was about 10,000-times higher than M2 (478 ±109 μg/g in M6, 51.3 ±18.7 ng/g in M2). Biliverdin was also concentrated in the mucosal content collected from the intestine at M6. By M4 (Fig. S1 ), most bile ducts were obliterated and no longer available for bile flow from liver to intestine. Although the liver began to turn green at M3, a sign of biliverdin accumulation, the intestine had a delayed color change to green at M5, and this phenomenon lasted until M6 in both organs (Fig. 2) . The corresponding high concentrations of biliverdin (478 ±109 μg/g) and 3k-PZS (6.65 ± 4.01 μg/g) in the intestine at M6 indicated an alternative secretory route for bile products, and most likely occurred through systemic circulation during nontrophic metamorphosis. Contrary to the absence of bile pigments or bile salts in the intestine of patients with biliary atresia, both bile products were secreted into sea lamprey intestine after developmental biliary atresia.
In contrast to the increase in liver bile salts in patients with biliary atresia (31) , bile salt levels in sea lamprey liver decreased and intestinal bile salt levels remained the same during developmental biliary atresia (Fig. 3) . The disappearance of tight junctions (45) during and after metamorphosis in sea lamprey liver may promote regurgitation into sinusoids followed by secretion through the intestinal epithelium. The clearance of 3k-PZS and biliverdin in intestine was not apparent until postbiliary atresia in T (Figs. 2 and 3B ). The alternative excretion through kidneys, adopted by mammals under cholestatic conditions (46), 6 . Serosal to mucosal transport of [H 3 ]TCA in the intestinal sac. Both regular and everted sacs from three (proximal, middle, and distal) sections of the intestine of each lamprey (six sacs per animal). All six sacs were incubated in sea lamprey Ringer's solution containing [H 3 ]TCA in an ice-water bath for 4 h. Total DPM was reported after normalized to the surface area of the connective tissue. Closed bars: regular sac readings represent [H 3 ]TCA transport from serosa to mucosa. Open bars: everted sac readings represent [H 3 ]TCA transport from mucosa to serosa. A three-way ANOVA shows that only the sac orientation had an effect on DPM (P = 0.0002, power = 0.988) but not the sex or the sections of the intestine. A one-tailed paired t test showed that regular sacs had greater effect on DPM than everted sacs (P = 0.0001). Vertical lines represent mean ± 1 SEM (n = 12, seven females and five males).
may be less important in sea lamprey as their kidneys completely degenerate and new kidneys regenerate during metamorphosis (17) . Taken together, our data show that intestinal secretion of bile salts in sea lamprey is a unique pathway that is likely evolutionarily adaptive, and differs from the pathologically adaptive mechanisms in human biliary atresia.
During evolution, natural selection or genetic drift has resulted in mutant species with phenotypes that mimic human diseases, but are nevertheless adapted to specific environments (47) . Sea lamprey biliary atresia is a developmental process that resembles human pathogenic biliary atresia in many cellular features. Aductular parasites secrete bile salts during their rapid growth but slow-growing larvae and atrophic mature adults use bile alcohol sulfates as pheromones (29, 30, 48) . The complex lifestyle and bile salt utilization are facilitated by two organs, the liver and the intestine, synthesizing different conjugated bile salts throughout the sea lamprey life cycle.
In summary, our data suggest that sea lamprey has evolved adaptive mechanisms to survive developmental biliary atresia through minimizing bile salt synthesis in liver and relocating bile salt synthesis and secretion to the intestine, but other cholestatic models and humans with biliary atresia suffer from cholestatic liver injuries. Further investigations of the molecular mechanisms underlying these observations may lead to therapies for human biliary atresia.
Materials and Methods
Animals and Tissue Collection. Experimental procedures were approved by the Michigan State University (MSU) Institutional Animal Use and Care Committee. Animals were held at the US Geological Survey Hammond Bay Biological Station (Millersburg, MI) until shipping to MSU or sampling. Parasites were used in whole-animal perfusion of [H 3 ]taurocholic acid and isolated intestine experiments within 2 mo after detached from hosts. Large larvae (>12 cm) were screened in 2009-2011 to obtain metamorphic animals (21) . Randomly selected metamorphic livers were fixed in 4% paraformaldehyde (PFA) for histological examination (Fig. S1 ). Details of animal sources and handling are listed in the SI Text.
Real-Time Quantitative PCR. Real-time quantitative PCR was performed using the TaqMan MGB system (Applied Biosystems) as described previously (49) . Synthetic oligos were used as standards. The amplicon sequence of cyp7a1 was chosen based on a 771-bp fragment PCR amplified from total cDNAs of sea lamprey tissues. This fragment contained a reading frame of 257 amino acid residues and was verified by tBLASTn (National Center for Biotechnology Information) with an E value of 1E-97 compared with human CYP7A1. Fulllength sequences of cyp27a1 and HMG-CoA reductase were obtained from Sea Lamprey Draft Genome 6.0, and both sequences had E values < 1E-150 compared with multiple species including Xenopus laevis, Homo sapiens, and Mus musculus. Sequence information used for real-time quantitative PCR of cyp7a1, cyp27a1, and HMG-CoA reductase is listed in Table S2 . Table S3 .
In Vivo Bile Acid Uptake and Distribution. Parasites were injected with 25 μCi of [H 3 ]TCA in 400 μL PBS via caudal vein and placed in a bisected aquarium (35) filled with aerated water. About 12 h after the injection, animals were anesthetized with 0.02% MS-222 for blood drawing, and then killed with 0.1% MS-222. The ureter was cannulated and washed with PBS to collect washings. Intestinal content was collected directly after opening the abdomen. Liver, intestine, kidneys, gills, and muscle were collected and weighed. Mass of muscle with fat was estimated by total body mass after subtractions of major organs described above. Blood was centrifuged at 1,000 × g with EDTA for 10 min to obtain plasma. All tissues were homogenized in PBS, and then added with triton X-100 (1%), incubated at room temperature for 20 min, and centrifuged at 13,000 × g for 10 min. Tritium activity of the supernatant was measured as disintegrations per minute (DPM). Amount of [H 3 ]TCA was calculated from DPM detected based on a standard curve. Tritium level was normalized to tissue mass or collected volume.
Whole Intestinal Sac Time Course. Whole intestine was isolated from parasitic lamprey and sutured into a sac containing 10 mL of lamprey's Ringer solution (130 mM NaCl, 2.1 mM KCl, 1.8 mM MgCl 2 , 4 mM Hepes, 4 mM Dextrose, 1 mM NaHCO 3 , 2.6 mM CaCl 2 ). Sacs were incubated in 700 mL aerated ice cold Ringer containing 20 μCi of [H 3 ]TCA in ice-water bath (0-4°C). At 30 min, 1, 2, 4, 8, 12, and 24 h, about 100 µL of lumen fluid was collected by a syringe. The incubation solution was also measured simultaneously and the tritium count decreased by less than 10% at 24 h. Intestine was fixed in 4% PFA, examined by H&E staining, and no morphological difference was found from intestinal tissues fixed directly from killed parasites.
Preparative Thin-Layer Chromatagraphy Analysis. Intestinal solution recovered from lumen and incubation solution were freeze-dried and reconstituted in methanol. Samples were loaded on a preparative thin-layer chromatagraphy (PTLC) plate (20 × 20 cm; Analtech) along with unlabeled TCA. PTLC plate was developed in 2:1 of CHCl 3 /MeOH. Lanes loaded with TCA were sprayed with 5% sulfuric acid and heated to 110°C to develop a blue color on TCA. Sample lanes were divided into 15 individual zones and each zone was scraped separately into MeOH. All scraped samples were counted by scintillation. Each measurement was normalized to the total recovered count of the corresponding lane.
Regular and Everted
Intestinal Sac Transport Assay. The intestine of each parasite was isolated and cut into three sections (proximal, middle, and distal) and placed in aerated sea lamprey Ringer's solution at 4°C. Each intestinal section was cut into halves and randomly sutured into a regular and an everted sac. One segment of each section was everted with a p-1000 pipette tip. Each intestinal sac was injected with 1-2 mL aerated cold lamprey Ringer's solution. Sacs from each animal were incubated in 500 mL aerated Ringer's solution containing 15 μCi of [H 3 ]TCA at 4°C for 4 h. The initial background [H 3 ] reading of intestinal sacs was ∼40 DPM. The solution in each intestinal sac was collected by a syringe and its H 3 activity was counted after 4 h. The effects of intestinal section (proximal, middle, and distal), intestinal sac orientation, and the sex of animals on DPM were analyzed with a three-way ANOVA. To determine the effect of sac orientation when no effect of other two factors was found, a paired t test was used to compare DPM between the regular and the everted sacs within each section of each animal.
